Abstract Adaptive sampling designs are becoming increasingly popular in environmental science, particularly for surveying rare and aggregated populations. An adaptive sample is one in which the survey design is modified, or adapted, in some way on the basis of information gained during the survey. There are many different adaptive survey designs that can be used to estimate animal and plant abundance. In adaptive cluster sampling, additional sample effort is allocated during the survey to the immediate neighborhood in which the species is found. In adaptive stratified sampling, additional sample effort is allocated during the survey to strata of high abundance. The appealing feature of these adaptive designs is that the field biologist gets to do what innately seems sensible when working with rare and aggregated populations-field effort is targeted around where the species is observed in the first wave of the survey. However, there are logistical challenges of applying this principle of targeted field effort while remaining in the framework of probability-based sampling. We propose a simplified adaptive survey design that incorporates both targeting field effort and being logistically feasible. We show with a case study population of rockfish that complete allocation stratified sampling is a very efficient design.
Introduction
During the last two decades, adaptive sampling designs have gained more popularity in environmental science for assessing animal and plant abundance. Adaptive sampling (Thompson and Seber 1996) is appealing because it can mimic how biologists would like to collect data-at least more so than most statistical sampling techniques. With adaptive sampling, biologists search for a species of interest at predetermined locations. If the species is found at any of those locations, sampling is modified (or adapted) in some way so that the search effort is focused in the immediate neighborhood. These designs not only increase the likelihood of sampling the species of interest but can also be very precise.
In general, adaptive samplings can be categorized into two classes that we define here as: (1) adaptive searching and (2) adaptive allocation. The term adaptive searching refers to the designs such as adaptive cluster sampling (Thompson 1990) . Adaptive cluster sampling begins with an initial sample and, if the species of interest are detected in one of the selected units, then the neighboring units are sampled. The neighborhood is typically all units that share a side with the unit containing the species. If the species is further encountered in a unit in the neighborhood, then the neighborhood of that unit is also added to the sample, and so on, thus building up a network of units. If the initial sample includes a unit from a clump, then the rest of the clump (network) will generally be sampled. In adaptive cluster sampling, the allocation of extra effort in the immediate neighborhood of where the species is found (or where the species is detected at some threshold level) is initiated by the measure in the individual sample unit. Recent reviews of adaptive cluster sampling can be found in Seber and Salehi (2004) , Smith et al. (2004), and Turk and Borkowski (2005) .
In contrast, in adaptive allocation, extra effort is initiated once a collection of sample units is measured. This collection of sample units may be secondary units within primary units for two-stage sampling, or units within a stratum for stratified sampling. Examples of adaptive allocation sampling include two-phase adaptive stratified sampling (Francis 1984) , two-stage sequential sampling (Salehi and Smith 2005) , and adaptive two-stage sequential sampling (Brown et al. 2008) .
The distinction between the two classes is based on where and when the decision to allocation extra effort is made. In adaptive searching, the decision to of whether to allocate extra effort and search the neighborhood or not is made immediately an individual sample unit is measured. We note that whereas the decision is made immediately the unit is measured, the actual search may not be carried out immediately. In adaptive allocation sampling, the decision is made once sampling a collection of units is completed. We advocate the use of these terms to avoid confusion in the growing literature on adaptive sampling.
The two classes of sample methods, adaptive searching and adaptive allocation, can be appealing for surveys of aggregated or highly nonuniformly distributed populations. There is now a broad field of literature with examples of where adaptive sampling has been used in environmental science. A review of the literature since 2005 revealed [70 examples. Some illustrative examples of adaptive searching designs and the use of adaptive cluster sampling include surveys for low-density plants (Philippi 2005) , for subtidal macroalgae (Goldberg et al. 2007) , and for sea lamprey larvae (Sullivan et al. 2008) . Examples of adaptive allocation designs and the use of stratified sampling include scallop drag surveys (Smith and Lundy 2006) and egg, larval, and juvenile fish surveys (Lo et al. 2009) .
In this paper, we focus on adaptive allocation designs for stratified sampling. One of the early adaptive allocation designs for stratified sampling is the method Francis (1984) used for fisheries' stock assessment. As in conventional stratified sampling, the total area is divided into strata. Within strata, the variable Y of interest (e.g., the number of individuals per square meter) is expected to be relatively constant in comparison with the variation that exists over the entire area. A sample is then taken within each stratum (Cochran 1977, Chap. 5; Thompson 1992, Chap. 11) . In the method proposed by Francis (1984) , if enough is known about the characteristics of a population, the proportion of the sample allocated among strata can be optimized to ensure low sample variance based on relative sizes of the standard deviation (SD) within each stratum. However, the SD within each stratum is rarely known prior to sampling, and all that can be done is to assume that the SD will be low in areas with a low density and high in areas with a high density. Sample effort can be allocated among strata based on guessed relative mean densities and the assumption that SDs are proportional to the mean densities. In practice, this can mean the sample allocation among strata may be far from optimal. In Francis's (1984) two-phase approach, a first-phase, stratified random sample is taken using the best available information for the choice of strata. Then, using the results obtained from the first phase, a second sample is taken to increase the number of sample units in some strata. The strata sampled in the second phase are chosen on the basis of those expected to be most effective for reducing the variance of the estimator of the population mean or total. The idea, therefore, is to use the information obtained from the first-phase sample to compensate in the second phase for any shortcomings in the sample allocation. A similar scheme was independently suggested by Jolly and Hampton (1990) .
Here we propose a simplified design to adaptive allocation of stratified sampling, called complete allocation stratified sampling. Our proposed design can be considered a mix of both adaptive cluster sampling and adaptive allocation sampling. The appeal of adaptive cluster sampling is that for very rare and highly clustered populations, once a sample unit is found that meets the threshold criteria (for very rare populations, this threshold is usually one indicating the species is present), the biologist is reluctant to leave the sample unit and continue searching according to the fixed sample plan. Instinct is to search the immediate neighborhood, and the appeal of the adaptive cluster sample design is just this (Brown and Manly 1998) . In effect, the immediate neighborhood is searched as if it were a complete census. Note that the exactness of whether it is a census depends on the definition (e.g., the surrounding two, four, or eight units) and shape of the neighborhood (e.g., aligned or offset units). The less appealing aspect of adaptive cluster sampling is that it can be very difficult to conduct in the field, with logistical challenges of doing a complete search of a neighborhood when the size and shape of the network are unknown.
In complete allocation stratified sampling, any stratum that has first-phase results that meet a preset critical level (e.g., the species is present) is completely surveyed in the second phase. As in adaptive cluster sampling, a census is conducted near where the species is found, but unlike adaptive cluster sampling, the neighborhood is predefined by size and shape of strata. The complete allocation stratified design is attractive because of the logistical simplification and the merging of what we consider the best features of the two classes of adaptive sampling.
In sections that follow, estimators for complete allocation stratified sampling are introduced, and sample properties are assessed with a case study example of a rockfish population.
Complete allocation stratified sampling
Consider a population of N units is partitioned into H strata. There are N h units in stratum h ðh ¼ 1; . . .; HÞ. A sample unit maybe a plot, or a quadrat, or a fisheries tow. Let y hi be the count of the species of interest in unit i from stratum h. In phase 1, a simple random sample of size n h is taken without replacement from stratum h. The selected units are observed. If we observe any unit in stratum h that has a count of at least one, y hi C 1, all units in this stratum are selected. This selection of all units in the stratum is the second phase of sampling. For any strata in which all firstphase units have no species present, there is no second phase. As all observed units in these strata are zero, we can ignore them without losing any information. Let p h be the probability that the entire stratum h is selected. Suppose that m h is the number of nonempty units in stratum h. We now have
Therefore the Horvitz-Thompson estimator of the total number of species, say s in the area iŝ
where y Ã h is the sum of the y hi for the hth stratum, and c is the number of strata for which at least one species is observed in the first phase of sampling. Its variance is given by
an unbiased variance estimator is given by
Case study: rockfish population
To evaluate the precision of complete allocation stratified sampling, we used a modeled population of rockfish (Sebates sp.) in the Gulf of Alaska adopted from Su and Quinn II (2003) . Catch statistics and trawl surveys have shown that many rockfish are aggregated in their distribution in this region. The modeled population of Su and Quinn II (2003) had N = 400 units, with a highly aggregated spatial pattern. For much of the population, the fish were absent, but when present, their abundance peaked at [6000 (Fig. 1) .
We partitioned the population into equal-sized strata. The strata were all rectangular in shape and were N h = 2 9 2, 2 9 4, 4 9 2, 2 9 5, 5 9 2, 4 9 5, 5 9 4 in size, referring to the number of columns and the number of rows, respectively, in each stratum. For each stratification pattern, the population was sampled using the complete allocation design. The sample variance of the estimated population total was calculated (Eq. 3). We then created a second, larger, population so that the efficiency of complete allocation design with smaller sample fractions could be considered. Su and Quinn II (2003) do not specifically mention the size of sampling units, but given some sampling units contained more than 6000 rockfish, it was reasonable to assume that each sampling unit was large enough to be partitioned into nine smaller sampling units. We evenly distributed the number of rockfish in each original sampling unit among these new nine sampling units. This created a second population of N = 3600 units. We then partitioned this population into 100 strata of size N h = 6 9 6.
Relative efficiencies of the complete allocation design to simple random sample and to stratified sampling were calculated using matched sample size. Stratified sampling with proportional allocation was used. The relative efficiencies are given by where Var½ŝ srs and Var½ŝ st are variances of estimators of simple random sample and proportional allocation stratified sampling with equal sample sizes. The sample size for complete allocation stratified sampling depends on which units are selected in the first phase and is therefore random. To match sample sizes of the complete allocation stratified design to simple random sampling and to stratified sampling, the complete allocation effective sample size, m, was calculated as the expected sample size:
The variance of simple random sample of size m, is calculated in the standard way:
The variance of stratified sample of sizes of size m/H, from each stratum is calculated as
Results
The simplified stratified design was surprisingly efficient for many of the samples. Results are given in Table 1 for the eight different strata sizes and shapes for the initial population. Some clear trends are evident. As the sample size increases, the complete allocation stratified design becomes more efficient relative to the nonadaptive designs. This may be explained by the effect of reducing first-phase error by correctly identifying whether the stratum should receive a complete census. Recall that if there is a species present in the stratum, and that species is ''found'' in the first phase, then the complete stratum is enumerated. By having a larger first-phase effort, the chance of making an error and failing to do a complete census in an occupied stratum is reduced. Another clear trend is that when the stratification produced shapes that created boundaries around the aggregates of rockfish, the complete allocation design was very efficient. Compare, for example, the efficiencies with stratum 2 9 4 and those with 4 9 2. The aggregates in the fish population appear to be more spread across the rows than down the columns. Stratification with rectangles that matched this layout (4 9 2) were more efficient for the larger sample sizes than with the alternative layout (2 9 4). Study results also show the trend that stratification intensity increases with more and smaller strata, the relative efficiency of the complete allocation design improves as the strata become closer in size to the size of the aggregates in the underlying population. Conversely, if only a few large strata are used, the relative efficiency of the complete allocation design will be lower. The other disadvantage of using large strata is that the final sample size may be highly variable depending on whether the sampling results in complete enumeration of a stratum or not.
Results of the second population (N = 3600 units) are given in Table 2 . The final sample fractions (E[n]/N) in this table are smaller than in the initial population and more similar to what is commonly seen in ecological studies. Even with these smaller sample fractions, there was considerable gain in efficiency with the complete allocation design over simple random sampling and stratified sampling.
Discussion
We propose an efficient adaptive stratified design, complete allocation stratified sampling for sampling aggregated populations. The design is based in the desirable features of adaptive cluster sampling and of adaptive stratified sampling. In complete allocation stratified sampling, survey effort is targeted to locations that are identified as meeting some criteria. In the case study example, that criteria was that the species of interest was found to be present. Additional survey effort is allocated in a simplified way to each stratum: either survey the entire strata or do no additional surveying. This logistical simplification is of critical importance for any field-based surveys. Results of the case study with complete allocation stratified sampling show high relative efficiency, especially if the survey is designed so that strata match the scale, and preferably shape, of aggregates in the population. The next step in this research is to quantify the cost advantage of the design in comparison with other adaptive stratified designs by conducting fieldbased surveys for a range of environmental applications. Table 1 The relative efficiencies of complete allocation stratified sampling compared with simple random sampling (srs) and stratified sampling with proportional allocation (st) for a population of rockfish given by Su and Quinn II (2003) The population is partitioned into 100 strata of size N h = 6 9 6 
